ABSTRACT The Lyme disease spirochete Borrelia burgdorferi senses and responds to environmental cues as it transits between the tick vector and vertebrate host. Failure to properly adapt can block transmission of the spirochete and persistence in either vector or host. We previously identified BBD18, a novel plasmid-encoded protein of B. burgdorferi, as a putative repressor of the host-essential factor OspC. In this study, we investigate the in vivo role of BBD18 as a regulatory protein, using an experimental mouse-tick model system that closely resembles the natural infectious cycle of B. burgdorferi. We show that spirochetes that have been engineered to constitutively produce BBD18 can colonize and persist in ticks but do not infect mice when introduced by either tick bite or needle inoculation. Conversely, spirochetes lacking BBD18 can persistently infect mice but are not acquired by feeding ticks. Through site-directed mutagenesis, we have demonstrated that abrogation of spirochete infection in mice by overexpression of BBD18 occurs only with bbd18 alleles that can suppress OspC synthesis. Finally, we demonstrate that BBD18-mediated regulation does not utilize a previously described ospC operator sequence required by B. burgdorferi for persistence in immunocompetent mice. These data lead us to conclude that BBD18 does not represent the putative repressor utilized by B. burgdorferi for the specific downregulation of OspC in the mammalian host. Rather, we suggest that BBD18 exhibits features more consistent with those of a global regulatory protein whose critical role occurs during spirochete acquisition by feeding ticks.
rochete throughout mammalian infection (26, 27) . These observations led to the hypothesis by Xu and colleagues that an unidentified repressor, distinct from the RpoN/RpoS regulatory cascade, is required for the specific downregulation of ospC by B. burgdorferi during persistent mammalian infection (28, 29) . More recently, our laboratory identified bbd18, a plasmid-located gene of B. burgdorferi whose expression resulted in downregulation of ospC at the transcriptional level (30) . The bbd18 gene is well conserved among B. burgdorferi isolates but lacks homologs outside the Borrelia genus (30) . This initial work with BBD18 was conducted in an avirulent strain of B. burgdorferi (B312), so it was important to demonstrate that BBD18 could downregulate OspC in wild-type B. burgdorferi, as well as to investigate the in vivo role of BBD18 during an experimental mouse-tick infectious cycle. Related to this, we wished to determine if BBD18 was the ospCspecific repressor required for B. burgdorferi persistence in the vertebrate host (28) .
In this study, we have utilized a molecular genetic approach to define the functional significance of BBD18 as a regulatory protein during the infectious cycle of B. burgdorferi. We have determined the outcome in mice and ticks of engineered expression of bbd18 alleles that vary in OspC regulatory activity. We have also utilized direct and indirect methods to investigate the mechanism of OspC suppression by BBD18. Finally, we have determined the point during the infectious cycle when BBD18-mediated regulation is critical for spirochete adaptation and survival. Our results indicate that BBD18 does not function as an ospC-specific repressor during persistent infection but likely plays a broader role at a different stage of the infectious cycle. In a concurrent study, we have demonstrated that BBD18 indirectly modulates ospC expression through posttranscriptional regulation of RpoS (43) . Taken together, these data lead us to propose that BBD18 functions as a global regulator of the adaptive response of spirochetes as they exit the vertebrate host and are acquired by feeding ticks. These data demonstrate that synthesis of key regulatory proteins, such as BBD18, must be tightly controlled and illustrate the careful orchestration of gene expression by the Lyme disease spirochete throughout its natural infectious cycle.
RESULTS
Constitutive bbd18 expression abrogates B. burgdorferi infection in the mouse model. To address the role of BBD18 during the infectious cycle, we first undertook to determine whether constitutive expression of bbd18 in an infectious B. burgdorferi clone interfered with infection or transmission. Since OspC is an essential virulence factor for B. burgdorferi infection in mice, we hypothesized that spirochetes constitutively expressing an ospC repressor would be unable to upregulate OspC and therefore would be noninfectious in the mouse model. For this purpose, we utilized wild-type strain S9, a virulent clone of the B31 type strain of B. burgdorferi with enhanced shuttle vector transformation efficiency (31) (32) (33) , and introduced pBSV2*flaBp-bbd18 (see Table S1 in the supplemental material) (30) , a shuttle vector harboring the bbd18 open reading frame expressed from the constitutive flaB promoter. We have previously demonstrated that this 767-bp fragment, which encompasses only the bbd18 open reading frame and 100 bp of the 3= flanking sequence, does not alter ospC expression in B. burgdorferi when introduced without a promoter (30) . For brevity, we will refer to strain S9 as the wild type (WT) and S9 carrying pBSV2*flaBp-bbd18 as WTϩcBBD18. To confirm that any observed differences from the WT were caused by overexpression of bbd18, we subsequently displaced pBSV2*flaBp-bbd18 from WTϩcBBD18 by introducing an incompatible plasmid without an insert (pBSV2G). The resulting clone, termed S9/ chase-pBSV2G (WT/chase), retained the same endogenous plasmid profile as WTϩcBBD18 and yet lacked the constitutively expressed copy of bbd18 on the shuttle vector. Southern blot analysis confirmed the presence of the correct shuttle vectors in these strains (data not shown).
Groups of mice were injected with WT, WTϩcBBD18, or WT/ chase. After 3 weeks, mice inoculated with WT or WT/chase were seropositive for B. burgdorferi proteins, whereas mice inoculated with WTϩcBBD18 remained seronegative (Table 1 ). In addition, spirochetes were subsequently isolated from tissues (ear, bladder, and ankle joint) of mice inoculated with WT or WT/chase but not from any tissues of any mice inoculated with WTϩcBBD18 ( Table 1 ). These results demonstrate that constitutive expression of bbd18 renders B. burgdorferi noninfectious by needle inoculation. Restoration of infectivity in WT/chase corroborated these findings and indicated that the inappropriate expression of bbd18 was solely responsible for the loss of infectivity by WTϩcBBD18.
Spirochetes expressing bbd18 were noninfectious by needle inoculation, but in nature B. burgdorferi is transmitted by Ixodes ticks (4). We wanted to investigate the potential impact of a constitutively expressed bbd18 gene on spirochetes within ticks and during natural transmission to the mammalian host. This would typically be determined by feeding larval Ixodes scapularis ticks on infected mice and confirming acquisition of B. burgdorferi, before allowing the larvae to molt and feed as nymphs, to assess transmission. However, this approach was not possible because mice inoculated with WTϩcBBD18 were not infected (Table 1) . Therefore, we artificially infected I. scapularis larvae with WT or WTϩcBBD18 spirochetes (34) . Groups of larval ticks were analyzed 7 days after feeding, and similar numbers of viable spirochetes were present in both tick cohorts (Fig. 1A) , indicating that artificial infection was successful with both WT and WTϩcBBD18. The remaining fed larval I. scapularis ticks were allowed to molt and recover (~12 weeks after larval feeding), before feeding on naive mice. Infected nymphs (~5 ticks per mouse) were allowed to feed to repletion to determine whether bacteria constitutively expressing bbd18 were infectious in mice by tick transmission (Table 2) . WT spirochetes were transmitted by infected nymphs and could establish infection in mice, as measured by both seroconversion and isolation of spirochetes from mouse tissues. In contrast, WTϩcBBD18 spirochetes were not isolated from any of the mice fed on by infected ticks nor did these mice seroconvert to B. burgdorferi proteins. Although WTϩcBBD18 spirochetes could not establish infection in mice by needle inoculation (Table 1) or tick transmission (Table 2) , constitutive expression of bbd18 did not affect persistence or replication within ticks, as the number of viable spirochetes in infected nymphs after feeding was comparable between strains (Fig. 1B) .
Constitutive expression of bbd18 prevents synthesis of OspC by spirochetes in feeding ticks. After demonstrating that spirochetes constitutively expressing bbd18 could not infect mice by needle inoculation (Table 1 ) or tick bite (Table 2) , we investigated the basis for this attenuated phenotype. We have previously shown that BBD18 suppresses the synthesis of OspC by spirochetes grown in vitro (30) and that OspC is required by B. burgdorferi for infection of the mammalian host (8) (9) (10) . We presumed that the observed loss of infectivity by WTϩcBBD18 resulted from the inability of spirochetes to induce ospC expression during tick feeding or after transmission to a mouse. Therefore, we visualized the OspC phenotype of WT and WTϩcBBD18 spirochetes in infected nymphs after they had fed to repletion on a mouse, approximately 96 h postattachment. We used a monoclonal antibody to identify spirochetes that were synthesizing OspC (Fig. 2, left) and convalescent-phase serum from an infected rabbit to visualize the entire B. burgdorferi population (Fig. 2 , middle) within infected tick midguts. As anticipated (5-7), OspC was detected on a subset of spirochetes in fed ticks infected with WT B. burgdorferi, as shown in Fig. 2 (green compared to red spirochetes, top). Although we did not detect any OspC-positive spirochetes in ticks infected with WTϩcBBD18 (Fig. 2 , bottom left), spirochetes were clearly present within these ticks when analyzed using the anti-B. burgdorferi rabbit serum (Fig. 2 , red spirochetes, middle, and merged images, right), and spirochete burdens within infected nymphs were similar between WT and WTϩcBBD18 (Fig. 1B ). These data demonstrate that constitutive expression of bbd18 prevents the synthesis of OspC by B. burgdorferi, even in the natural environment of a feeding tick when ospC is normally induced, and provides an explanation for why this strain is noninfectious in mice (Tables 1 and 2 ) (8) (9) (10) (11) .
BBD18 site-directed mutagenesis. BBD18 is highly conserved in Lyme disease and relapsing fever spirochetes (30) (data not shown) but lacks homologs outside the genus Borrelia. As previously noted (30) , the predicted BBD18 protein is very basic (pI of 9.39) and contains many positively charged residues. A BLAST search of the Protein Data Bank identified weak similarities between BBD18 and two proteins, the ribosome-inactivating pokeweed antiviral protein (BLAST E value 0.035) and a helix-turn- in fed larvae. I. scapularis larvae were artificially infected (34) with S9 (WT) or S9/pBSV2*flaBp-bbd18 (WTϩcBBD18) and fed to repletion on naive mice. Each point denotes the number of viable spirochetes per tick, as determined by the CFU in solid medium, when fed larval ticks were individually crushed and plated 7 days after drop off, and bars represent means plus standard deviations. There was no significant difference in spirochete burden between the two groups (P value ϭ 0.1939) based on unpaired Student's t test. (B) Spirochete burden in fed nymphs. The remaining artificially infected larvae were allowed to molt into nymphs and then fed to repletion on naive mice (~5 ticks per mouse). Each point denotes the number of viable spirochetes per nymph when fed ticks were individually crushed and plated 7 days after drop off, and bars represent means plus standard deviations. There was no significant difference in spirochete burden between the two groups (P value ϭ 0.7444) based on unpaired Student's t test. helix motif (HTH) of SopB (BLAST E value of 1.9), a DNAbinding protein of Escherichia coli involved in plasmid segregation (35) . Focusing on the analogous residues that contact DNA in the SopB crystal structure (35) or were conserved in an alignment of the primary amino acid sequence of BBD18 in Lyme disease and relapsing fever Borrelia, we designed four BBD18 site-directed mutants, each with multiple amino acid substitutions ( Fig. 3A and Materials and Methods). Synthetic genes encoding these BBD18 variants were inserted on the shuttle vector under control of the constitutive flaB promoter, creating pBSV2*flaBp-bbd18v1 to -v4 (see Table S1 in the supplemental material). We next tested whether these BBD18 variants were similar to wild-type BBD18 in their ability to prevent ospC expression. After stably introducing each of the bbd18 variants into avirulent strain B312, which produces OspC in vitro (36), we analyzed whole-cell lysates for OspC and BBD18 (Fig. 3B) . By immunoblot analysis, we were able to detect comparable levels of BBD18 protein in all of the B312 derivatives harboring a bbd18 gene on the shuttle vector (Fig. 3B , top blot, lanes 2 to 6), regardless of the site-directed mutations. As expected, the parental strain B312 (which lacks lp17 and thus does not make BBD18) produced abundant OspC (Fig. 3B , bottom blot, lane 1), while no OspC was made by B312 harboring a shuttle vector carrying a constitutively expressed wild-type bbd18 gene (Fig. 3B , lane 2). BBD18v2 and BBD18v4 were also able to fully suppress OspC production in B312 (Fig. 3B , lanes 4 and 6, respectively), indicating that the respective mutations in these bbd18 alleles did not diminish their impact on ospC expression. In contrast, BBD18v3 completely lacked regulatory activity, as demonstrated by the continued synthesis of OspC protein when this BBD18 variant was introduced into B312 (Fig. 3B , lane 5). OspC was also detected in B312 synthesizing BBD18v1 (Fig. 3B, lane 3 ), although at a lower level than with BBD18v3. Importantly, identification of a bbd18 allele (bbd18v3) that yielded a comparable amount of BBD18 protein but did not suppress OspC synthesis (Fig. 3B , lane 5) provided a tool with which to further investigate the in vivo function of BBD18.
Spirochetes constitutively producing an inactive BBD18 variant remain infectious in mice. We next determined whether constitutive synthesis of an inactive form of BBD18 in virulent B. burgdorferi would render spirochetes noninfectious. To this end, we introduced a shuttle vector carrying bbd18v3 into the infectious WT clone. In parallel, we introduced a shuttle vector carrying bbd18v4, which encodes a BBD18 variant that exhibits OspC regulatory activity (Fig. 3B ). Three groups of 5 mice were inoculated with WT, WTϩcBBD18v3, or WTϩcBBD18v4. Significantly, we found that both WT and WTϩcBBD18v3 spirochetes could infect mice, whereas WTϩcBBD18v4 was noninfectious (Table 3) . Thus, the in vivo phenotype of WT spirochetes I. scapularis nymphs. Spirochetes in fed nymphs, infected as larvae with S9 (WT, top) or S9/pBSV2*flaBp-bbd18 (WTϩcBBD18, bottom), were assessed at detachment from the host. Crushed ticks were costained with a mouse monoclonal antibody recognizing OspC (left) and polyclonal rabbit serum that detects all B. burgdorferi (middle); merged images are shown in the right panels. Scale bars as shown in the upper right panel apply to all images, and inset boxes represent 2-fold magnification of a comparable area in all 3 panels for each strain.
constitutively expressing bbd18 was correlated with the OspC regulatory activity of the BBD18 protein they produced: BBD18v3 did not prevent OspC synthesis (Fig. 3B ) nor did it render WT spirochetes noninfectious in mice (Table 3) , whereas the opposite was true for BBD18v4. This experiment also demonstrated that constitutive synthesis of an inactive or irrelevant protein does not intrinsically render B. burgdorferi noninfectious, as only the BBD18 proteins with OspC regulatory activity (i.e., WT BBD18 or BBD18v4) gave rise to a noninfectious phenotype when inappropriately expressed. Although these data do not rule out the possibility of a separate or additional function for BBD18, they do indicate that the ability to suppress OspC synthesis in cultured spirochetes correlates with the ability to abrogate B. burgdorferi infectivity in mice.
B. burgdorferi strains lacking bbd18 are infectious in mice. To test whether bbd18 is required during mammalian infection, we designed and utilized an allelic exchange construct to inactivate bbd18. After multiple transformation attempts, we obtained a single bbd18 mutant that retained the full plasmid content of the WT and yet was noninfectious in mice by needle inoculation (data not shown). However, we were unable to restore infectivity to this mutant by complementation with a WT copy of bbd18 at either 52 to 92 of the BBD18 homolog in the relapsing fever spirochetes B. recurrentis and B. hermsii, and residues 56 to 96 of WT B. burgdorferi BBD18, with the same region of the four BBD18 variants (v1 to v4) with site-directed mutations. The underlined residues of the SopB sequence are those that have been shown to contact DNA (35) . Amino acid residues that differ from the WT B. burgdorferi BBD18 sequence are shown in lowercase letters. Residues that have been changed in BBD18 variants are specified, whereas unchanged residues in this region are represented with dots; the remainder of the BBD18 sequence not depicted in this alignment is identical between the WT and variant BBD18 proteins. Synthesis of OspC by spirochetes coexpressing WT or variant bbd18 alleles (as shown in panel B) is indicated to the right of the alignment. (B) BBD18 (top) and OspC (bottom) immunoblots of B312 harboring WT or variant bbd18 alleles (variant 1 to variant 4 in panel A) expressed from the flaB promoter on a shuttle vector. Whole-cell lysates of B312 (lane 1), B312/pBSV2*flaBp-bbd18 (ϩBBD18wt, lane 2), and B312 harboring the bbd18 variants (ϩBBD18v1 to -v4, lanes 3 to 6) were analyzed by immunoblotting with antiserum recognizing BBD18 or OspC, as indicated. Lanes 1 to 3 and 4 to 6 were from nonadjacent regions of the same immunoblots. The molecular mass (kDa), based on the mobility of protein standards, is denoted on the left, and lane numbers are indicated beneath the panel. the endogenous locus on lp17 or on a shuttle vector, indicating that additional mutation(s) rendered it noninfectious. Further attempts to inactivate bbd18 in a WT clone have been unsuccessful. Given the difficulty of inactivating bbd18 in an otherwise infectious clone, we next opted to use deleted forms of lp17 (37) to investigate the role of bbd18 in B. burgdorferi during the infectious cycle. This represents the approach we used initially to identify BBD18 as an OspC repressor (30) , as well as that subsequently used by Casselli et al. to investigate the role of lp17 genes during mouse infection by B. burgdorferi (38) . To this end, we displaced the full-length plasmid from WT B. burgdorferi with two different truncated forms of lp17. One of these lp17 truncations, termed pGCB473 (37), harbors only bbd1 to bbd14 and thus lacks bbd18 (Fig. 4A) . We also introduced pGCB426 (37), a truncated version of lp17 containing bbd1 to bbd19 (and thus retaining bbd18), as a control for WT/pGCB473 (Fig. 4A) . We confirmed that fulllength lp17 had been displaced from WT by introduction of pGCB473 or pGCB426, and the resulting strains retained an otherwise identical plasmid profile (data not shown).
Three groups of 8 mice were inoculated with WT or WT derivatives harboring the two different lp17 truncations. After 3 weeks, most mice from all 3 groups were infected, as indicated by seroconversion to B. burgdorferi proteins and isolation of spirochetes from ear punch biopsy specimens (Fig. 4B, left) . These data demonstrate that spirochetes lacking approximately half of lp17, including bbd18, can establish infection in mice by needle inoculation. In addition, persistent infection by spirochetes in all 3 groups was demonstrated by isolation of B. burgdorferi from the ear tissues of most mice when the experiment was terminated at 8 weeks postinoculation (Fig. 4B, right) . Fewer isolates were obtained from bladder and joint tissues of mice inoculated with B. burgdorferi harboring either of the lp17 truncations (WT/ pGCB426 and WT/pGCB473) than from mice inoculated with WT spirochetes (Fig. 4B, right) . These results are in accord with the data from Casselli et al., in which they reported a defect in bladder colonization of mice infected with B. burgdorferi lacking bbd16 to bbd25 at 8 weeks postinoculation (38) . However, because we observed a similar defect for spirochetes carrying either lp17 truncation, our results indicate that additional factors encoded in the bbd20 to bbd25 region of lp17 (and not just bbd18) likely contribute to the dissemination and/or persistent colonization of peripheral tissue by B. burgdorferi.
B. burgdorferi strains lacking bbd18 are not acquired by feeding Ixodes scapularis larvae. Infected mice from this experiment were also used to feed larval ticks in order to assess the role of bbd18 and other lp17 genes in tick acquisition and transmission of B. burgdorferi. Naive I. scapularis larvae were allowed to feed to repletion on mice infected with WT, WT/pGCB426, and WT/ pGCB473. Three mice per strain, which were positive by seroconversion and ear biopsy, were used for tick feeding approximately 3 weeks after initiation of infection. Fed larvae were crushed and either plated in solid Barbour-Stoenner-Kelly (BSK) medium to determine spirochete burden per tick or placed in liquid BSK medium to determine the prevalence of B. burgdorferi infection in larval ticks (Fig. 4C , right or left, respectively). Spirochetes were acquired by the majority of larvae that fed on mice infected with WT and WT/pGCB426, although the spirochete burden was slightly lower for WT/pGCB426. Strikingly, spirochetes were not present in any (n ϭ 36) of the ticks that fed on WT/pGCB473-infected mice (Fig. 4C) , suggesting that a factor encoded by bbd15 to bbd19 of lp17, potentially bbd18, contributes to efficient acquisition of B. burgdorferi by feeding larval ticks. Furthermore, spirochetes were subsequently isolated from the ear tissues of 2 out of 3 mice (~8 weeks postinoculation) on which these uninfected larvae had fed, indicating that the lack of acquisition of WT/pGCB473 by feeding ticks did not simply reflect the absence of spirochetes in the skin.
The ospC operator is not necessary for OspC regulation by BBD18. The in vivo phenotype of spirochetes carrying lp17 truncations suggests that BBD18 plays a role at the host-to-vector interface rather than during infection of the mammalian host. Therefore, we questioned whether BBD18-mediated regulation of ospC could occur independently of the operator sequence described by Xu and colleagues, which is upstream of the core ospC promoter and required for persistent spirochete infection of mice (28) . We utilized clone B312, which lacks lp17 (and bbd18), and a LacZ reporter system that we previously optimized for use in B. burgdorferi (lacZBb*) (30) to investigate the promoter elements required for regulation of ospC expression by BBD18.
We first transformed B312 with lacZBb* reporter constructs that carry either a full-length ospC promoter (ospCp-LacZ) or a minimal ospC promoter (P7F-lacZ) lacking the operator sequence (Fig. 5A) . Xu et al. demonstrated that the minimal P7F promoter permitted ospC expression by B. burgdorferi during infection of a mouse but that these spirochetes were unable to subsequently downregulate ospC and thus were recognized and cleared by the acquired immune response of the host (28) . In B312, both versions of the ospC promoter drove lacZ expression, as detected by ␤-galactosidase activity (blue colony color) in solid medium containing 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (XGal) (Fig. 5B, bottom) . We also introduced bbd18 into these clones on a compatible shuttle vector and found that BBD18 was able to prevent expression from both versions of the ospC promoter, regardless of whether the operator sequence was present or not (Fig. 5B, top) . Furthermore, additional experiments demonstrated that the 5= transcribed but untranslated region of ospC was not needed for regulation by BBD18 (data not shown). These data demonstrate that BBD18-mediated regulation of ospC in B312 occurs in an operator-independent manner, indicating that BBD18 is not the ospC-specific, in vivo repressor described by Xu et al. (28) .
DISCUSSION
In vivo regulation of OspC by BBD18. We previously demonstrated a direct correlation between expression of bbd18 and suppression of OspC synthesis in an avirulent clone of B. burgdorferi (30) . In the current study, we extended this analysis to WT B. burgdorferi in an experimental mouse-tick infectious cycle, with clear biological significance: engineered expression of bbd18 in otherwise WT B. burgdorferi blocked mouse infection by needle challenge and tick bite (Tables 1 and 2 ). Significantly, constitutive expression of bbd18 prevented the induction of ospC expression by spirochetes in feeding ticks (Fig. 2) , providing one obvious reason for their loss of infectivity. We also observed continued synthesis of OspA by all spirochetes in fed ticks when bbd18 was constitutively expressed, indicating a reciprocal loss of ospA repression (data not shown). Despite profoundly detrimental consequences for spirochete viability in the mammalian host, constitutive expression of bbd18 did not impair B. burgdorferi colonization, replication, or persistence in the tick vector (Fig. 1) , (37) that were introduced to displace full-length lp17 from wild-type S9. Pale-green shading indicates sequences that are deleted to the right of the synthetic telomere insertion points (red arrowheads beneath the diagram) in the respective lp17 truncations. This diagram is closely modeled after a figure by Sarkar et al. (30) . (B) B. burgdorferi harboring lp17 truncations are infectious in mice. Three groups of 8 mice were injected with S9 (WT), S9/pGCB426 (WT/426), or S9/pGCB473 (WT/473). The ability of these B. burgdorferi strains to establish infection and persist in mice was assessed by seroconversion and isolation of spirochetes from ear biopsy specimens at 3 weeks postinfection and by isolation of spirochetes from ear, bladder, and joint tissues at 7 to 8 weeks postinfection, as indicated. *, P value of Ͻ0.05 compared to the WT using Fisher's exact test; ns, no significant difference compared to the WT. (C) Acquisition of B. burgdorferi harboring lp17 truncations by larval ticks fed on infected mice. Three mice per strain that were positive for infection by both seroconversion and ear biopsy were used for larval tick feeding. The presence of spirochetes in fed larval ticks (left) was determined by culturing 36 individual ticks per strain in BSK medium. A subset of these fed larvae was also analyzed for spirochete burden, as determined by CFU in solid medium (right); each point denotes the number of viable spirochetes per tick. ***, P value of Ͻ0.0001 using Fisher's exact test. There was no significant difference in prevalence of infection or spirochete burden between ticks infected with WT and those infected with WT/426. NA, not applicable since 0% of larvae acquired spirochetes from mice infected with WT/473. (41) is designated ϩ1. The 5= ends of ospC promoter-lacZ reporter constructs, with or without the putative operator (ospCp forward and P7F, respectively), are indicated with arrows above the sequence. This diagram is closely modeled after a figure by Xu et al. (28) . (B) BBD18-mediated repression of ospC promoter-lacZ fusions in B. burgdorferi. Strain B312, either with (top) or without (bottom) a constitutively expressed copy of the wild-type bbd18 gene (ϩcBBD18), also carried lacZ reporter constructs with different versions of the ospC promoter, as identified above the plates and described in panel A. LacZ gene expression in B. burgdorferi, as indicated by blue colony color, was visualized with X-Gal spread on plates after colony formation in BSK solid medium without phenol red. and all tick-derived spirochetes analyzed retained the shuttle vector carrying bbd18 (data not shown). Of note, two mice fed on by nymphs infected with WTϩcBBD18 became infected, but all spirochetes recovered from these mice had lost the shuttle vector and thus reverted to WT; this outcome further illustrates the negative impact of constitutive bbd18 expression on mouse infection by B. burgdorferi and the strong selection imposed against it during tick transmission.
In the current study, we have also demonstrated a strict correlation between the ability of BBD18 to suppress OspC synthesis by spirochetes grown in vitro (Fig. 3B ) and the ability of BBD18 to block infection of mice when overexpressed by spirochetes (Table 3). This was accomplished with a set of BBD18 variants with site-directed mutations in amino acid residues that are strictly conserved among BBD18 homologs in Lyme disease and relapsing fever Borrelia. These substitutions were clustered in a region of the BBD18 protein that has weak similarity with a DNA-binding motif of SopB (Fig. 3A) , a protein involved in plasmid segregation in E. coli (35) . We hypothesized that if BBD18 were indeed interacting with nucleic acids through a similar motif as a transcriptional regulator, we might be able to abrogate repressor function by sitedirected mutagenesis within this region. There was no correlation, however, between the predicted DNA-binding residues based on homology with the SopB sequence (Fig. 3A) and the ability of these BBD18 variants to prevent synthesis of OspC (Fig. 3B) , leading us to conclude that the significance of this weak similarity is unclear and may have no functional relevance.
Fortuitously, we found one variant, BBD18v3, which was not able to prevent OspC synthesis (Fig. 3B) . Four amino acids substitutions distinguish BBD18v3 from wild-type BBD18 (Fig. 3A) and thus may be involved in BBD18 function. The charge reversals in BBD18v3 (K58E, K79E, D94R, and D96R) distinguish it from BBD18v1, in which these and an additional residue were mutated to alanine, with less effect on activity. However, single mutations for each of these residues yielded BBD18 variants that retained a full ability to suppress OspC synthesis by B312 (data not shown). The amino acid substitutions in BBD18v3 would not be predicted to disrupt function through a gross alteration of the overall structure, but they may impede critical interactions of BBD18v3 with other macromolecules. Further investigation will be required to determine the significance of this region and these particular residues for BBD18 structure and function.
BBD18 is not required for persistent infection of mice. We have shown that constitutive expression of bbd18 in an otherwise WT clone prevents the synthesis of OspC by these spirochetes in feeding ticks and prevents subsequent infection in mice. We hypothesized that spirochetes lacking bbd18 would initially retain infectivity in mice, since OspC could still be made by these spirochetes when they were transmitted or inoculated. However, if BBD18 were the in vivo ospC repressor whose primary function is to downregulate OspC after the initial stage of mammalian infection, then spirochetes lacking BBD18 should not persist, as the mammalian immune system would target spirochetes that continue to make OspC.
During the course of these studies, Casselli et al. reported that a B. burgdorferi variant with an experimentally truncated form of lp17 that lacks bbd18 was able to establish chronic infection in mice but had delayed tissue colonization (38) . We conducted similar experiments with two different wild-type derivatives carrying lp17 truncations that retained or lacked bbd18. Similar to Casselli et al., we found that spirochetes lacking bbd18 (as well as additional lp17 genes) were infectious by needle inoculation, but our data indicate that the previously described colonization defect of such B. burgdorferi variants does not stem entirely from the deletion of bbd18 (Fig. 4) . Liang and colleagues reported that downregulation of OspC during B. burgdorferi infection of immunocompetent mice occurs from day 17 onward and that spirochetes that continue to express ospC are cleared (12, 14) . However, both Casselli et al. (38) and we (Fig. 4B) found that spirochetes lacking bbd18 were able to persistently infect mice for at least 8 weeks.
The ability of these BBD18-null spirochetes to persist in mice beyond the point at which OspC would typically be downregulated does not support our original hypothesis that BBD18 functions as an essential in vivo OspC repressor (30) . In addition, these data indicate that bbd15 to bbd25 of lp17 are not required for B. burgdorferi viability in vitro nor infection of mice in vivo. Thus, it remains unclear why inactivation of bbd18 in WT B. burgdorferi presented such a challenge and why, once isolated, the bbd18 mutant had accumulated secondary mutations that rendered it noninfectious in mice. We have determined that the sole bbd18 mutant we obtained in a WT background (and its complement) do not synthesize OspC when subjected to temperature or pH shift (data not shown), suggesting an explanation for the noninfectious phenotype of these clones. Furthermore, the ease with which we have been able to inactivate bbd18 in a noninfectious B. burgdorferi clone (data not shown), which also cannot be induced to synthesize OspC, indicates the complex role of bbd18, and possibly other lp17 genes, in wild-type bacteria.
Lp17 genes required for acquisition of B. burgdorferi by larval ticks. None of the genes in the bbd15 to bbd25 region of lp17 were absolutely required for persistent and disseminated infection of mice. However, we observed a dramatic impact on spirochete acquisition by feeding larval ticks when the lp17 truncation extended through bbd18 (Fig. 4) . We repeated this experiment and used a 10-fold-higher inoculum to optimize the spirochete load in infected mouse tissues and enhance subsequent acquisition by feeding larvae (data not shown). Again, all mice became infected, and both WT and WT/pGCB426 spirochetes (with bbd18) colonized all of the fed larval ticks that were analyzed (data not shown). However, as in the first experiment (Fig. 4C) , WT/ pGCB473 spirochetes (minus bbd18) were not present in any of the fed larvae analyzed, confirming our initial result. Together, these data indicate that something within the bbd15 to bbd19 region of lp17 (potentially bbd18) is required for successful colonization of feeding ticks by B. burgdorferi. We have observed delayed outgrowth and reduced spirochete loads in tissues of mice infected with WT/pGCB473 relative to WT or WT/pGCB426 (data not shown). However, the complete absence of WT/pGCB473 spirochetes in the relatively large number of fed larvae analyzed to date (121 ticks from 3 separate feedings) suggests a more specific defect at the point of larval tick acquisition and/or colonization, and preliminary studies indicate that WT/pGCB473 spirochetes do not colonize larval ticks even when introduced by artificial infection (data not shown). Additional experiments are required to determine what functional deficit accounts for this phenotype and whether loss of bbd18 and/or some other genetic element in the bbd15 to bbd19 region of lp17 is responsible. Most of the annotated genes in this region (bbd15, bbd15.01, bbd15.1, bbd16, bbd17, and bbd19) (39) encode very small and overlapping open reading frames that are poorly conserved among B. burgdorferi isolates (30) . It is conceivable that these or other sequences in the bbd15 to bbd19 region of lp17 encode small regulatory RNAs. However, bbd18 is a relatively large, autonomous, and well-conserved gene and is the only annotated open reading frame in this region that has been shown to encode an actual protein.
Indirect BBD18-mediated regulation of ospC through RpoS. The data presented in this study indicate that BBD18 does not represent the ospC-specific repressor required for persistent B. burgdorferi infection of a mammalian host. Xu and colleagues (28) described an operator sequence upstream of the core ospC promoter that was required for repression of ospC in vivo. We found that only the core ospC promoter, without the operator site, was required for BBD18-mediated suppression of ospC expression (Fig. 5) . It is well documented that expression of ospC in wild-type B. burgdorferi is dependent on the alternative sigma factor RpoS and requires only the core ospC promoter (17, 20, 23, 25) , and we confirmed that this was also the case in the B. burgdorferi strain in which these constructs were analyzed (see Fig. S1 in the supplemental material). In a parallel and concurrent study, we have demonstrated that bbd18 expression results in posttranscriptional negative regulation of RpoS (43) . Together, these findings are wholly consistent with a model in which BBD18 plays a key role in the global repression of all RpoS-dependent genes of B. burgdorferi during larval tick acquisition, when the "on" environmental cues that induce rpoS expression are present and yet ospC and other RpoS-dependent genes (including the ospA repressor) are not expressed. In support of this model, preliminary analyses indicate that the bbd18 transcript is present at relatively high levels in fed larval ticks, whereas it is very low or undetectable in infected mouse tissues and fed nymphal ticks (data not shown). We propose that the strict conservation of bbd18 in both Lyme disease and relapsing fever spirochetes, which are transmitted by dissimilar tick vectors and exhibit dramatically different dynamics of infection, reflects a common purpose as an "off" regulatory switch in the critical adaptive response of Borrelia at the host-to-vector interface. Future experiments will be directed at elucidating the structure, function, and regulation of BBD18 during the infectious cycle of B. burgdorferi.
MATERIALS AND METHODS

Mouse infection.
All mouse studies were done in accordance with guidelines of the National Institutes of Health, and protocols were approved by the Rocky Mountain Laboratories Animal Care and Use Committee. The Rocky Mountain Laboratories are accredited by the International Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Infection studies were conducted with 6-to 8-week-old female RML mice, an outbred strain of Swiss-Webster mice reared at the Rocky Mountain Laboratories breeding facility. Mice were bled prior to injection with a target dose of 10 4 B. burgdorferi spirochetes (8 ϫ 10 3 spirochetes intraperitoneally and 2 ϫ 10 3 spirochetes subcutaneously). After 3 weeks, mice were bled to assess seroconversion to B. burgdorferi whole-cell lysates, and ear punch biopsy specimens were placed into BSK II medium to assess the presence of spirochetes in these tissues. At 4 to 8 weeks postinoculation, mice were euthanized and ear, bladder, and ankle joint tissues were cultured in BSK II medium for final assessment of infection.
Tick transmission studies. Ixodes scapularis larvae were artificially infected as previously described (34) . Briefly, I. scapularis larvae were partially dehydrated for 48 h at a relative humidity of 85% before submersion in a B. burgdorferi culture (~1 ϫ 10 8 spirochetes/ml). The ticks were incubated with B. burgdorferi for 45 min at 35°C, washed twice with phosphate-buffered saline (PBS), and then allowed to recover for 48 h before feeding to repletion on naive mice (~100 ticks/mouse). Uninfected larvae were fed on infected mice to assess tick acquisition of different B. burgdorferi strains.
To assess colonization by B. burgdorferi, a subset of fed larvae were crushed 1 to 3 weeks after drop off and either plated in solid BSK medium or placed in liquid BSK medium. The remaining fed I. scapularis larvae were allowed to molt to nymphs and recover (approximately 12 weeks after larval feeding) before feeding on naive mice (~5 nymphs/mouse). Several I. scapularis nymphs from each infected tick cohort were prepared for immunofluorescence (see Text S1 in the supplemental material) shortly after feeding to repletion. The remaining fed nymphs (1 or 2/mouse) were crushed and plated in BSK solid medium at 7 days after drop off to enumerate spirochetes. Mice that were fed on by infected I. scapularis were euthanized at 3 weeks postfeeding and processed as described above to assess B. burgdorferi transmission via tick bite and ensuing infection.
Site-directed mutagenesis of BBD18. Based on BLAST alignment of WT BBD18 (B. burgdorferi B31, GenBank accession no. AE000793.2) with amino acid residues contacting DNA in SopB (35) and conserved residues in other Borrelia species (B. recurrentis A1, plasmid plate 6, GenBank accession no. CP001000.1; B. hermsii MTW, plasmid contig 0014, GenBank accession no. CP005691.1), we designed four bbd18 variants, each with multiple amino acid substitutions (Fig. 3A) . The changes are as follows: bbd18v1 has lysine 58 changed to alanine (K58A), S67A, K79A, D94A, and D96A; bbd18v2 has I57A, K58A, S66A, S67A, N69A, and M72A; bbd18v3 has K58E, K79E, D94R, and D96R; bbd18v4 has S67A and V85A. These BBD18 variants have predicted secondary structures similar to that of wild-type BBD18 (PSIPRED Protein Structure Prediction Server; available at http://bioinf.cs.ucl.ac.uk/psipred/). Variant bbd18 genes were synthesized by GenScript Corporation (Piscataway, NJ) with EcoRI recognition sites at both ends. These synthetic genes were excised from pUC57 with EcoRI-HF (New England Biolabs, Ipswich, MA) and ligated into appropriately digested and dephosphorylated pBSV2*flaBp (40) in a manner following the construction of pBSV2*flaBp-bbd18, which contains the wild-type bbd18 gene under expression of the constitutive flaB promoter (30) . Resulting clones were screened by PCR to confirm orientation and the presence of the insert and then sequenced to confirm that no other mutations had arisen during cloning. These shuttle vectors were transformed into B312 and assessed by immunoblotting for their ability to suppress OspC synthesis. Two of these shuttle vectors, pBSV2*flaBpbbd18v3 and pBSV2*flaBp-bbd18v4, were also transformed into S9.
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